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Function of the second Transmembrane Domain of the Human P2X7
Receptor
Fritz Markwardt1, Anja Pippel1, Michaela Stolz2, Tanemasa Rahn1,
Gu¨nther Schmalzing2.
1JB Institute for Physiology, Martin-Luther University Halle, Halle (Saale),
Germany, 2Molecular Pharmacology, RWTH University, Aachen, Germany.
P2X7 receptors are ATP-activated cation channels involved in inflammatory
and immunological reactions to cell injury. Their second transmembrane
domain (TM2) is believed to line the ion channel pore. Here, we applied
cysteine scanning to investigate the role of TM2 residues in the permeation
and gating of the human P2X7 receptor (hP2X7R). Following heterologous
expression of the hP2X7R cysteine substitution mutants in Xenopus oocytes,
their function was measured by voltage-clamp in the whole-cell mode and by
single-channel voltage-clamp in the outside-out configuration before and after
application of methanethiosulfonate (MTS) reagents, which can covalently
react with the substituted cysteines. Furthermore, we checked if the hP2X7R
cysteine substitution mutants expressed in Xenopus oocytes could be labeled
by extracellularly applied sulfo-Cy5-maleimide.
At the putative extracellular end of the hP2X7R TM2 domain, we found
cysteine substitution mutants which could be labeled by the fluorescent Cy5
dye, but the ATP-induced currents were not affected by MTS administration.
This indicates that the corresponding amino acid residues are extracellularly
accessible, but are neither involved in the gating nor in the permeation of the
ion channel. One hP2X7R mutant (S342C) could be Cy5-labeled and the
ATP-induced current was blocked by the cationic 2-aminoethyl methanethio-
sulfonate (MTSEA) pointing to an involvement of S342 in ion permeation or
to a stabilization of the closed state of the channel. Several other cysteine mu-
tants were dye labeled and exhibited increased ATP-induced currents after
MTSEA application. This MTSEA-dependent current increase was due to an
increase of the channel’s open probability indicating that the corresponding
amino acid residues are involved in in P2X7R channel gating.
The structure-function relationship of the TM2 domain of the hP2X7R is dis-
cussed using a hP2X7R homology model based on the published X-ray struc-
tures of the zebrafish-P2X4 receptor.
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The Hydra Sodium Channel (HyNaC), a member of the DEG/ENaC ion chan-
nel family, is a peptide gated cation channel from the fresh water polyp Hydra
magnipapillata. Four HyNaC subunits, HyNaC2 - HyNaC5, have already been
characterized. It has been shown that HyNaCs 2, 3 and 5 assemble into a func-
tional heterotrimeric channel, HyNaC2/3/5, which is activated with high affin-
ity (EC50 ~3.5 mM) by the endogenous neuropeptide Hydra-RFamide I.
Here we report cloning of a new HyNaC subunit, HyNaC7. When expressed
heterologously with HyNaC2 and 3, HyNaC7 increases apparent peptide affinity
20-40 times compared with HyNaC2/3/5 (EC50 ~0.2 mM). Like HyNaC2/3/5,
HyNaC2/3/7 is an unselective cation channel with a high calcium conductance
and low apparent affinity for amiloride.
By systematically swapping domains between HyNaC5 and HyNaC7 and func-
tionally characterizing resulting chimeras, we identified the second transmem-
brane domain (TM2) and adjacent amino acids, located upstream as well as
downstream of TM2, that determined the higher peptide affinity of HyNaC2/
3/7. Currently, we investigate the influence of individual amino acids for ligand
affinity.
Together, our results show, that TM2 and C-terminal as well as N-terminal
adjacent amino acids determine differences in ligand binding affinity of
HyNaC2/3/7 and HyNaC2/3/5.
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Molecular Mechanism of Lung Oedema Clearance by AP301: Dependence
of ENaC Pore Forming Subunits
Waheed Shabbir, Prastoo Hazemz-Scherbaum, Rosa Lemmens-Gruber.
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Sodium absorption by epithial sodium channel (ENaC) is main driving force of
lung liquid clearance from the alveolar space. Despite many years of intense
research, the subunit composition of native ENaC in pulmonary epithelium is
unknown. Different subunits (a, ß , g and d) containing ENaC have been iden-
tified. It is not clear that a subunit containing ENaC channels are responsiblefor ENaC-mediated Naþ currents and subsequent fluid flux. AP301, a cyclic
peptide, comprising the human tumour necrosis factor lectin like domain
(TIP domain) sequence, has been shown to reduce extravascular lung water
and improve lung function in a mouse, rat and pig model. Consequently, the
present study was undertaken to determine: First, whether ENaC is the specific
target of AP301. Second, what is the subunit combination of ENaC for
maximum AP301-induced activation. Furthermore, this study explores the po-
tential of AP301 to discriminate between different ENaC channel populations.
The effect of AP301 in A549 cells and in HEK and CHO cells heterologously
expressing human ENaC subunits (a, ß, g and d) was measured in patch clamp
experiments. For maximal AP301 activity abg- or dbg-ENaC co-expression
was required. Conclusively, AP301 increased current in proteolytically acti-
vated (cleaved) but not near silent (uncleaved) ENaC in a reversible manner.
After deglycosylation of extracellular domains of ENaC, no increase in current
was observed. Thus, our data suggest that specific interaction of AP301 with
both endogenously and heterologously expressed ENaC requires precedent
binding to glycosylated extracellular loop(s) and pore-forming a or d delta
subunits.
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Proton-dependent gating has been studied extensively in KcsA but the precise
molecular mechanism of channel opening in response to proton binding re-
mains elusive. Structural and electrophysiological data show that the pH sensor
in KcsA consists of a strong sensor, H25, in addition to one weak sensor, E118.
Protonation of these residues drives opening of the channel by shifting the equi-
librium from the closed state to the open state, which can be described using the
MWC model. We used NMR to directly monitor proton binding at the pH
sensor as well as pH-dependent conformational changes in KcsA by following
chemical shift changes in specific residues, including H25 and E118. These
NMR experiments were performed in lipid bicelles, which more closely reca-
pitulate the native environment of KcsA. We obtained state-dependent pKa
values from the pH-dependent titration curve of H25 and show that this residue
also reports the protonation of the nearby glutamate residues E118 and E120. In
addition, we assessed the titration curves of mutants previously characterized
by electrophysiology studies that display shifts in the closed-open equilibrium.
Further exploration of these mutants as well as other key residues at the pH
sensor and gating region will be key to understanding how proton binding is
coupled to conformational changes in the channel.
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Contribute to Calcium-Sensitivity of BK Channels
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The large-conductance calcium-activated Kþ (BK) channel contains a large
C-terminal intracellular Ca2þ-sensing region formed by two RCK domains.
The RCK2 domain harbors a Ca2þ-binding site of clustered negatively charged
residues, known as the Ca2þ-bowl, while the RCK1 domain is believed to
contain another Ca2þ-binding site (RCK1-site). Recent X-ray crystallographic
structures of the Ca2þ-free and -bound intracellular regions revealed an inter-
esting location of the Ca2þ-bowl near the tertrameric intersubunit assembly
interface. We investigated the role of the intersubunit assembly interface on
Ca2þ-gated BK channel activation through mutational analyses of charged res-
idues Glu955, Glu956, Arg786, and Arg790 which may electrostatically stabi-
lize RCK2 intersubunit interactions by formation of intersubunit salt-bridges.
We observed that mutations E955Q, E956Q, and E955Q/E956Q caused
~50%, ~30%, and ~70% loss, respectively, of Ca2þ-sensitivity as determined
at 0, 7.3, and 90.4 mM internal free Ca2þ. Combined analyses with Ca2þ-
bowl or RCK1-site null mutations indicated that E955Q mutation eliminated
most Ca2þ-sensitivity from the Ca2þ-bowl and ~50% sensitivity from the
RCK1-site. The charge neutralization mutation R786A/R790A on the interact-
ing subunits also led to ~50% loss of Ca2þ-sensitivity, suggesting involvement
of intersubunit salt-bridge(s) between residues E955 and R786 or R790.
Furthermore, intersubunit charge reversal mutations induced recovery of
Ca2þ-sensitivity. In contrast to the drastic effects of these charged residue mu-
tations, which are located distant (R20A˚) to the bound Ca2þ, mutation of the
Asn449 residue, which may coordinate the RCK2 Ca2þ from a different
subunit, displayed little effect on Ca2þ-sensitivity. We conclude that the inter-
subunit interfacial electrostatic interactions play an important role in Ca2þ-
dependent BK channel gating. We propose that such interactions are unlikely
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points to mediate Ca2þ-gated RCK gating ring expansion or conformational
coupling to channel activation.
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Functional Implications of Alternative Splicing in the Calcium-Activated
BK Channel in the Ampulla of Lorenzini of the Skate
Benjamin King1, Ling-Fang Shi2, Peter Kao2, William T. Clusin2.
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Ca-activated K channels were first described in the skate Ampulla of Lorenzini,
which has excitable receptor cells. The electroreceptor epithelium generates ac-
tion potentials (up to 70 mV) which don’t repolarize unless calcium enters
across the apical membranes of the receptor cells. We have recently cloned
and sequenced the alpha-subunit of the BK channel of the skate in late-stage
embryos and then in adult ampullae. Sequencing of embryos was accomplished
using transcriptome m-RNA and then genomic DNA. Millions of short reads
were assembled by alignment with an isoform of the human BK channel. The
human isoform had regions of nucleotides that were excluded to get correct
alignment with the skate sequences. The skate embryo alpha-BK gene was
used to make PCR primers for amplification of cDNA obtained by reverse tran-
scription of mRNA from about 100 adult ampullae. Amplified cDNA of appro-
priate length was then cloned into E.Coli with PCR2 vector (Invitrogen). The
skate embryos and ampullae have a 1114 (vs. 1118) amino acid polypeptide
that begins with MEVP and may be preceded by 33 additional AA’s. The
ampulla sequence had 100% coverage of the embryo alpha subunit and was
96.7% homologous at the amino acid level. There are 7 alternative splicing sites
in the alpha-subunit. Most non-homology of ampulla BK channels vs. skate em-
bryos was at these sites. Seven separate point mutations were also found. The
calcium-activated channel in the ampulla appears to be voltage-insensitive, in
contrast to previously sequenced BK channels. The voltage sensor is normal in
ampullae, but changes at other sites could produce voltage-insensitivity.
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in a KD Channel
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Structures of inwardly-rectifying (Kir) potassium channels are now available in
many different crystallographic states. We now analyse these structures in the
context of functional data for mutations at over 180 positions within the Kir1.1
(ROMK) channel. This reveals an extensive network of physically interacting
residues which stabilise the pre-open and open-states of the channel, but which
breaks down upon channel closure. This approach not only validates a struc-
tural gating pathway for the Kir channel, but also provides insight into the
structure of the transition state connecting these crystallographic states. This
gating network also appears to be an important structural determinant of the
thermodynamic stability of these different gating states as well as influencing
the impact of mutations on channel function, and suggest that such state-
dependent physical connectivity between residues may also be relevant to
our understanding of other allosteric proteins.
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The C-terminal Cyclic Nucleotide Binding (CNB) fold of HCN channels pref-
erentially stabilizes the closed state, and this "autoinhibition" is relieved by
cAMP binding or by CNB fold truncation [Wainger et al. (2001) Nature
411: 805]. Whereas the autoinhibition model was discovered in excised-
patch conditions, we investigated the ability of the C-terminal region to regu-
late gating thermodynamics and kinetics with two-electrode voltage clamp on
Xenopus oocytes. We examined wildtype channels (HCN2) with endogenous
cAMP bound, C-terminal-truncated channels (HCN2 DCNB), and channels
with autoinhibition imposed due to a mutation preventing cAMP binding
(HCN2 R591E). Hyperpolarized V1/2 and faster deactivation t1/2 values
were observed for HCN2 R591E, verifying its autoinhibition in intact oocytes.
Surprisingly, we found conditions where the autoinhibition model is insuffi-cient to explain the hyperpolarization-dependent activation kinetics. First,
channels with autoinhibition relieved by cAMP binding exhibited faster acti-
vation (HCN2, 81 5 17 ms at 150 mV) than channels with autoinhibition
wholly removed by CNB fold truncation (HCN2 DCNB, 215 5 110 ms at
same voltage). Second, autoinhibited channels opened at a relatively fast
rate (HCN2 R591E, 77 5 16 ms) similar to the autoinhibition-free HCN2.
We therefore propose a new "quickening element" in the C-terminal region
which works distinctly from and opposite to autoinhibition in determining
activation kinetics. The quickening effect of this element in HCN2 and
HCN2 R591E were observed for voltages from 110 mV through 160
mV when compared to HCN2 DCNB. At 100 mV, as HCN2 R591E opened
slower (385 5 46 ms) than HCN2 (238 5 33 ms) as predicted by the auto-
inhibition model. Therefore in intact oocytes, the autoinhibition and the
quickening element mechanisms exert two opposing influences on HCN acti-
vation speeds with a balance that changes with voltage.
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The TMEM16 family of Ca2þ activated ion channels plays key roles in human
physiology. Surprisingly, recent evidence suggested that some family mem-
bers are not (only) ion channels but that some are phospholipid scramblases,
proteins that mediate the bi-directional movement of lipids between leaflets of
the membrane. For example, TMEM16F has been reported to be an ion chan-
nel and/or a lipid scramblase. Recently, our group identified a novel fungal
TMEM16 homologue, afTMEM16, which is both a Ca2þ-gated ion channel
and a Ca2þ-dependent phospholipid scramblase. We found that membrane
composition is a key regulator of ion channel gating but not of phospholipid
scrambling activity, as we were able to suppress channel activity without
altering scrambling activity by changing the lipid composition of the mem-
branes. This suggested that afTMEM16 forms separate transmembrane path-
ways for ions and lipids. Here we investigate the differential modulation by
lipids of the ion channel and lipid scrambling functions of afTMEM16. Pre-
liminary experiments suggest that the presence of 10 mole percent or more
phosphatidylcholine (PC) or cardiolipin is required for channel activity. In
contrast, lipid scrambling occurs with similar properties in all membrane com-
positions tested. Currently we are systematically investigating the effect of
lipid headgroup charge, chain length and stiffness on both functions. Our re-
sults suggest that modulation by lipids might be a regulatory mechanism for
cells to control both functions, for example by compartmentalizing these pro-
teins in membrane domains with different lipid compositions where only one
pathway is active.
789-Pos Board B544
YidC Alters Conductivity and Ion Selectivity of the Bacterial Transloca-
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During protein transport across the membrane the bacterial translocon SecYEG
must maintain the barrier to cations and protons in order to preserve the proton
motif force. In vivo and in vitro experiments with SecYEG mutants in the bac-
terial plasma membrane attributed the preservation of the proton motif force to
an intrinsic anion-selectivity of the channel1. Since potential residues respon-
sible for selective cation exclusion are not easily recognizable in the SecYEG
structure we tested the ion selectivity of (i) the purified wild type SecYEG
channel, which was opened by ribosome binding1 and (ii) the purified plugless
SecYEG mutant2 after reconstitution into planar bilayers. In both cases,
reversal potential measurements under conditions of a transmembrane salt
gradient did not reveal physiologically relevant ion selectivity. Upon co-
reconstitution of SecYEG with YidC we found decreased single ion channel
conductivity and increased anion selectivity of SecYEG. Combined, both fac-
tors acted to decrease the cation leak through SecYEG by an order of magni-
tude. Additional experiments on YidC reconstituted into planar bilayers
suggest that YidC itself forms a pore which is opened by ribosome binding.
1. Knyazev, D. G., Lents, A., Krause, E., Ollinger, N., Siligan, C., Papinski, D.,
Winter, L., Horner, A., and Pohl, P. (2013) J. Biol. Chem. 288, 17941-17946.
2. Saparov S., Erlandson K., Cannon K., Schaletzky J., Schulman S., Rapoport
T., Pohl P. (2007) Mol Cell, 26, 501-509.
